Abstract
Introduction
Classically, mortality indicators have been utilized to evaluate the general state of health of a population. These indicators highlight life expectancy, which, because it is not influenced by a population's age structure, has been used to compare the health state between populations and also to monitor the impact of different interventions in the health area 1 .
The increase in life expectancy is not only a characteristic of developed countries, having also shown significant increased in developing countries, especially in the second half of the 20 th century 2 . According to estimates by the United Nations 3 , between 1950 and 2000, Latin America witnessed an increase of approximately 14 years in life expectancy from birth, rising from 51.6 years to 65.4 years for both sexes. A similar gain is observed in Brazil where the life expectancy rose from 51 years to 69.4 years during the same timeframe. Demographic projections foresee the continuation of this process, estimating a life expectancy in Brazil around 77.4 years in 2030 3 .
The decline in mortality at young ages and the increase in longevity, combined with the decline of fecundity and the accentuated increase of degenerative chronic diseases, caused a rapid process of demographic and epidemiologic transition, imposing a new public health agenda in the face of the complexity of the new morbidity pattern 4 .
Recent studies on longevity and health concluded that the positive tendencies of prolonged life were not accompanied by similar trends in the extension of healthy life; in other words, a long life does not necessarily mean a healthy life 5, 6, 7 . On the contrary, with increased life expectancy, the proportion of years of life with degenerative chronic diseases, disabilities and socioeconomic disadvantages also increased 8, 9 . Advancement in the technologies for saving lives and providing more efficient medical care resulted in the paradoxical increase in the prevalence of chronic diseases, as Gruenberg named 10 , "the failure of success".
It is thus arguable that mortality measurements alone are insufficient to adequately evaluate state of health, quality of life in a population, or the comparative impact of medical interventions. In the last four decades, great effort has been spent to develop synthetic health measures that consider, besides the effect of mortality, morbidity, limitations and disabilities, as well as concepts relative to the well-being and the quality of life of a population 2, 11, 12 . The first method to combine morbidity and mortality information was proposed by Sanders 13 and later developed by Sullivan 14 .
The key measures of the Sullivan method have been called healthy life expectancy, active life expectancy or life expectancy free of disability, depending on the selected information to measure the state of health. Due to its simplicity, the Sullivan method has been used to estimate healthy life expectancy in various countries 11, 15, 16 , especially the developed ones, as well as for monitoring health changes and differences in the European countries. In Brazil it was employed to calculate healthy life expectancy using the SABE (Saúde, Bem-estar e Envelhecimento; Health, Well-Being, and Aging) research database, which is restricted to the elderly in the city of São Paulo 17 .
The objective of this study is to introduce Sullivan's technique and estimate healthy life expectancy in Brazil using different ways of measuring state of health, based on information from the Pesquisa Mundial de Saúde (World Health Survey -WHS), carried out in 2003 on a national scale.
Methods and materials The Sullivan method
The information necessary for applying the Sullivan method are: (1) population and deaths or specific mortality rates that permit the construction of a life table; (2) prevalence of health states according to age.
In the present study, the morbidity information used in applying the Sullivan method comes from the WHS that was carried out in Brazil in 2003. This research is part of a larger project from the World Health Organization (WHO), in which many other member countries where included.
The WHS sample was comprised of 5,000 Brazilians over the age of 18, selected, probabilistically, in 250 census sectors, in 188 municipalities located in the 25 states of the federation. The sampled population corresponded to the set of private residences in Brazil except for the ones located in rural areas of northern region, in the states of Acre and Roraima, and in special census sectors (military bases, lodgings, encampments, boats, penitentiaries, asylums, orphanages, convents, or hospitals) 18 .
Specific mortality rates by age and sex were provided by the Departamento de População e Indicadores Sociais, Instituto Brasileiro de Geografia e Estatística (DEPIS, Department of Population and Social Indicators; IBGE, Brazilian Institute of Geography and Statistics).
The healthy life expectancy or expectancy of a life free of disability, proposed by Sullivan, is calculated using an adaptation of the traditional life table. The expectancy of healthy life thus reflects the state of health of a determined population adjusted by the level of mortality and, as in a life table, it is not affected by the age structure of a population. In the present study, healthy life expectancies were estimated according to sex, since health states vary considerably between genders, especially at more advanced ages 19, 20, 21 .
The healthy life expectancy (e' x ) is calculated in the following manner: (1) , where: l x l x is the number of survivors at the exact age x; n π x represents the prevalence of a determined state of health among individuals with ages in the interval (x, x + n); n L x is the total number of years lived by a cohort in the age group (x, x + n); w represents the largest age category.
According to what can be observed, the model employs two independent measures of health. The first refers to morbidity, (1-n π x ), which is the specific rate by age of being healthy; and n L x which is the mortality component. The method thus consists of removing from the total time lived by a cohort the proportion lived without good health.
Indicators of healthy life
Since the Sullivan method depends on how one measures healthiness, the present study employs four distinct estimates of healthy life expectancy covering several dimensions of morbidity: self-rated health, presence of long-term disease or disability, and functional limitations.
The first method refers to the individual self-rated health obtained with the following question: "In general, how would you rate your health today?". There are five possible answers (very good, good, moderate, bad, very bad), which have been dichotomized such that the answers "very bad" and "bad" constitute the category "poor self-rated health", and the other answers compose "good self-rated health". In this case, the specific rate by age of being healthy was established by the proportion of individuals with a good perception of health state in each quinquennial age group.
The second measure is based on the presence of a long-term disease or disability that limits the one's daily activities, and is ascertained with the following two questions: "do you have any long-term illness or disability?" and "does the illness or disability limit in any way your daily activities?". For this estimate, the state of having a long-term disease or disability that limits daily activities was used to identify an unhealthy life and the specific rate HEALTHY LIFE EXPECTANCY IN BRAZIL S9 by age was established by the proportion of individuals with a long-term disease or disability in each age group.
Differently from the first two estimates, where being healthy is defined by a dichotomous variable, the third estimate takes into consideration the continuum of the severity of functional limitations. For such, this study considered the approach proposed by the WHO in the International Classification of Functionality, Disability and Health (ICF) 22 , in which the limitations of activities and functionality are not only viewed as a consequence of illnesses but principally as important components in an individual's health. So as to obtain a measurement of the severity of functional limitations on a continuous scale, the present study first made use of a factorial analysis of principal components, which was applied to the five levels of difficulty (none, mild, moderate, severe, extreme) in performing daily activities (professional and personal, self-care, locomotion, learning, and application of knowledge) and limitation and deficiencies of the body's functions and structure (sensory and mental functions), as shown in Table 1 . Using the scores in the first principal component, a scale from 0 to 1 was thus constructed so that 1 is equivalent to the greatest degree of severity and 0 corresponds to a healthy life (without limitations). In this manner, the specific rate by age of being healthy is given by the complement of the arithmetic average of the scale's values by age group. The final method used for measuring state of health is a proposed extension of the Sullivan method, which allows more than one healthy life-defining event to be used simultaneously. In addition, a weight is attributed to each event, establishing the degree of its severity. To illustrate the method, three events were considered: (1) does not have long-term disease or disability; (2) has a long-term disease or disability that does not limit daily activities; and (3) has a long-term disease or disability that limits daily activities. The weights which characterize the degree of severity in each situation were calculated by age group, as the arithmetic mean of the scores of functional limitations in a scale varying from 0 to 1, obtained from factor analysis.
Applying the method
In this study, the life table used to illustrate the Sullivan method's calculation has been summarized in quinquennial age groups, beginning at twenty years of age, since the information from the WHS refers to individuals 18 years or older. Use of the summarized life table is recommended in studies of this type, since prevalence rates of age-specific health events, obtained through research samples, are too small to be used with simple ages 21 . Table 2 shows the application of the Sullivan method, taking into consideration the proportion of individuals in each quinquennial age group with a self-rated health that is not poor (very good, good, moderate) as the specific rate by age of being healthy. The first column represents the age group 's lower limit, in which the amplitude always equals five, except for the last group in which the interval is right open. The five following columns show the functions of a summarized mortality table, necessary for the calculation of life expectancy.
In the second column are the specific rates of mortality ( 5 M x ). Based on the specific rate of mortality, the probability of an individual with exact age x dieing before completing x + 5 ( 5 q x ) years is calculated. Since the table begins at twenty years of age, it was assumed that deaths occur uniformly within the quinquennial age groups, so that the probabilities are calculated with the following expression Given these probabilities of death, the number of survivors reaching the initial age of the following age group can be calculated (l x+5 ). Thus: l x+5 = l x x (1 -5 q x ) (3).
It was assumed that the number of survivors reaching twenty years of age equals 100,000. According to Table 2 , the number of survivors reaching 25 years of age (l 25 ) is equal to 99,062 (column 4).
The next column in the life table shows the number of lived years between the ages x and x + 5. Every individual that survived the age of x + 5 will fully live the period of five years. The ones who die before reaching the age of x + 5 (1 x -1 x+5 ) will live half the amplitude of the interval (2.5 years), assuming the deaths are uniformly distributed along the interval. Thus: 5 L x = 5 x 1 x+5 + 2,5 x (1 x -1 x+5 ) . For the open interval,
The survivors reaching twenty years of age will, added together, live 497,656 years in the subsequent five years (column 5).
In column 6 is presented the total number of years to be lived by the survivors in the age group x, until the group extinguishes itself. This is done by accumulating the lived years in each interval:
Survivors reaching the age of twenty will altogether live a total of 5,433,619 years. The life expectancy is calculated by dividing the numbers of years one expects to live starting from a certain age by the number of survivors to the referred age:
According to the mortality rates used for the year 2003, at the age of twenty, one is expected to live an additional 54.34 years (column 7).
The proportion of individuals, of both sexes, that self-reated their health as poor ("bad" or "very bad") is presented in the eighth column. The prevalence increases monotonically with age except between the second and third age groups. The ninth column shows the healthy years lived in each age group by subtracting the total portion of years lived in an unhealthy state (column 8) from the total years lived (column 5). By cumulatively summing these values, the number of people-years that will be lived healthily from a determined age x (column 10) is obtained. Of the 5,433,619 years expected to be lived from the age of twenty, 4,739,131 will be lived in a healthy state.
Similar to the traditional mortality table, the expectancy of healthy life (e' x ) is calculated by dividing the number of people-years lived in a healthy state from a certain age x by the survivors of the referred age. As can be observed in column 11 of Table 2 , at the age of twenty, one expects to live another 47.4 healthy years. Consequently, 6.9 years are lived in a poor state of health (column 12), corresponding to 12.8% of the life expectancy at that age (column 13).
The method of calculation presented in Table 2 was also used for the second and third estimates of healthy life expectancy. For the second estimate, the prevalence rate of individuals with a poor self-rated health is substituted for each age group by the proportion of individuals who reported having a long-term disease or disability which limits their daily activities. For the third estimate, the specific rate by age of being unhealthy is given by the average score of functional limitations estimated in the factor analysis.
The fourth methodology involved three situations (no disease or disability; with disease or disability but without limitation; with disease or disability and with resulting limitation) and weights to mark the severity of each situation according to the individual's age. To accomplish this estimate, a minor adaptation of the Sullivan method was made, as illustrated in Table 3 .
To calculate healthy life expectancy with more than two health events, the population is classified in s+1 categories, including all individuals, from those with no health problem to those with the most severe cases. Accordingly, P 0 , P 1 , ....., P s represents the proportions of the population in each category, and w 0 , w 1 , ....., w s represents the weight describing the severity of each state of health, measured on a scale from 0 (best health state) to 1 (worst health state). In this case, the specific rate by age of not being healthy 5 π x is given by the average of the scores weighted by the proportion of individuals in each category of each age group:
w a * P a .
In Table 3 , the functions of the mortality table were omitted except for life expectancy, shown in column 2, since the calculations for the other columns were given in Table 2 . Columns 3, 4 and 5 show the proportions of individuals of both sexes in each category, adjusted using a multinomial model because they display great oscillation between ages. Columns 6, 7 and 8 show the weights calculated as an average of the scores of functional limitations (on a scale from 0 to 1) by category and age group. The weighted average (π x ) is presented in column 9. In the first age group, the prevalence of poor states of health is equal to 0.0817 (0.854x 0.070+0.049x0.109+0.097x0.168). The other functions are calculated according to the methods presented above. Table 4 displays the total life expectancy and the total healthy life expectancy for the ages of twenty and sixty years, according to sex. The number of unhealthy years lived is also shown, as well as its relative proportion of the total life expectancy.
Results
In reference only to the mortality component, females at the age of twenty expect, on average, to live approximately seven years more than males (57.8 years versus 51.0 years). At the age of sixty the difference by sex is, on average, three years in favor of females. Concerning the expectancy of a healthy life, given that females live more years in poor health or with limitations, the difference in healthy life expectancy between males and females is smaller both at the age of twenty and sixty (Table 4) .
Comparing all four methodologies indicates that the estimate with greatest loss in healthy years is the one based only on the occurrence of a long-term disease or disability that causes limitations, not considering the resulting degree of hardship in performing daily activities and the severity of functional limitations (method 2). According to the estimate, at the age of sixty, it is expected that males lose, on average, 35.0% of the years yet to be lived with limitations that result from long-term diseases. This average is 44.0% for females.
The other methodologies employed show estimates closer to each other. The measurement of unhealthiness through poor self-rated health is the one that presents the smallest rela- tive loss in terms of healthy years of life, independent of gender. At twenty years of age males expect to lose around 10.3% of life expectancy to poor health and females, 14.9%. At sixty years of age this proportion reaches 20.9% among males and 25.6% among females.
The tendency for the proportion of individuals in an unhealthy state to increase with age is found in all four estimates. However, the greatest variation in the relative loss of healthy years, between twenty and sixty years of age, is found for the estimate based on self-rated health, while the smallest corresponds to the methodology based on the severity scale of functional limitations. Figure 1 shows life expectancy and the estimates of healthy life expectancy, by sex, according to method employed. Results indicate that for all ages, independent of the method employed, life expectancy is greater among females. However, females lose, relatively, more healthy years than males. Among the defining measures of being healthy, the greatest loss in years of healthy life results prominently in every Table 4 Life expectancy and healthy life expectancy at the age of twenty and sixty, by gender and selected methods. 
Final comments
Since its creation, the WHO defined health as a complete state of physical, mental, and social well-being. This definition transcends the absence of death, disease, and disability, and incorporates concepts relative to well-being and to quality of life. In such context, the concept of healthy life expectancy or life expectancy free of disability emerges; a generic term which characterizes a population's indicators that estimate the average timeframe (in years) a person may expect to live in a healthy state.
Ever since the 1980s, a growing number of studies employ the Sullivan method 11,15 due to its mathematical simplicity, the availability of required data, and the ease of interpreting its results. This indicator has also been adopted for monitoring health in European countries, Project REVES (Réseau Espérance de Vie en Santé) 23, 24 , and by the United States' governmental health plan Healthy People 2010 25 . This method has also been employed to evaluate disparity in health by means of estimates of healthy life years according to socioeconomic indicators such as income and schooling 26, 27 .
There exists a certain consensus as to the potential of healthy life expectancy as a measure to monitor and evaluate the action of health programs and politics 2 . Differences exist in relation to the selection of measurement for indicating a healthy life. Some authors prefer measurements of relatively objective states, such as disability and diagnosed chronic diseases 28 , arguing that interference by the cultural context should be avoided 29, 30 . On the other hand, there are authors who consider it important to incorporate the subjective dimension, such as self-rated health, because they consider it a strong factor in predicting mortality, well-being, and the use of health services 26, 31 .
The inclusion of various measures in the present study raises an important methodological question of how to measure healthiness 32 , whether it be with simple or combined indicators, or by incorporating or not the severity of each situation.
In this study, the first two measures employed did not consider the seriousness of each situation but only the occurrence of a negative event. Authors such as Crimmins 32 favor the use of various dichotomous health measures, since they provide more specific information than those based on measures involving a continuum in severity, and are thus more efficient for implementing and monitoring health politics.
Some scholars of healthy life expectancy, like Robine & Jagger 31 , Mathers et al. 33 and Murray & Frenk 34 , have emphasized the need to incorporate the degree of severity to each event. These authors point out that when only binary indicators are used, such as the individ-ual's personal perception of poor health or the inception of a chronic disease, the occurrence of these events is what determines the greatest loss in years of healthy life. In fact, the estimate based only on the presence of a long-term illness that limits daily activities was what caused the greatest relative loss in healthy years for both sexes at all ages.
The third methodology employed in this study to estimate the healthy life expectancy attempted to establish a continuous degree of severity based on scores of functional limitations constructed with an analysis that reduced the different dimensions of the interviewee's state of health to a single component. An extension of the Sullivan method was also proposed which incorporates three situations derived from the presence, or lack thereof, of a long-term illness combined with the occurrence of limitations to daily activities, in addition to the degree of severity for each one of them, based on the functional limitation scores. However, the two healthy life estimates that involved adjustment by severity of limitations produce very similar results to the estimates based on self-rated health, especially at an advanced ages.
The findings in this study highlight the consistency in the WHS' results. It is observed, for all measures employed, that the proportion of healthy life years lost significantly increases with age and that, even though females have a longer life expectancy than males, they live, relatively, less years in good health. Similar to a study developed in Belgium 35 , healthy life expectancy was greatest when estimated using poor self-rated health than when calculated from the presence of disabilities and illnesses.
What is most important to note is that, despite from the index's sensitivity, all measures follow the same pattern, varying only in degree. It is observed that the differences between the various estimates of healthy life expectancy was greatest between younger females but was only relevant when the estimate was based on the presence of a disease or disability that limits daily functions.
Contrary to the multistate life table method, which employs longitudinal data, the Sullivan method has been criticized for not taking into consideration reversible health states 36, 37 . However, Mathers & Robine 38 , employing various simulation models and possible scenarios, conclude that unless the situation is one of sudden and radical change in the transition rate of the state of health, which is uncommon, the Sullivan method provides strong estimates for monitoring trends in healthy life expectancy.
This article attempts to introduce the Sullivan method for calculating healthy life expectancy to national Brazilian literature, in order to establish a debate around the various indicators of state of health, based not only on mortality information, but also considering the effects of morbidity. Whereas death is a single event, the loss of healthy life is hard to quantify. Hopefully, the different proposals for measuring well-being, combined with to the simplicity and strength of the Sullivan method, may help stimulate this emergent debate in Brazil. 
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